In this paper, the azeotropic behaviour of the (benzene + cyclohexane + chlorobenzene) ternary mixture was experimentally investigated with the aim of enhancing the knowledge for the feasible use of chlorobenzene as an entrainer for the azeotropic distillation of the binary azeotrope. Such a study has not been reported in the literature to the best of the authors' knowledge. (Vapour + liquid) equilibria data for (benzene + cyclohexane + chlorobenzene) at 101.3 kPa were obtained with a Othmer-type ebulliometer. Data were tested and considered thermodynamically consistent. The experimental results showed that this ternary mixture is completely miscible and exhibits an unique binary homogeneous azeotrope, an unstable node at the conditions studied, and the propitious topological characteristics (residual curve map and relative volatility) to be separated. Satisfactory results were obtained for the correlation of equilibrium compositions with the UNIQUAC activity coefficients model and also for prediction with the UNIFAC method. In both cases, low root mean square deviations of the vapour mole fraction and temperature were calculated. The capability of chlorobenzene as a modified distillation agent at atmospheric condition is discussed in terms of the thermodynamic topological analysis. A conceptual distillation scheme with reversed volatility is proposed to separate the azeotropic mixture. In order to reduce the operational cost requirements of the sequence of columns proposed, the range for optimal reflux and the ratio for feed flow conditions were studied.
Introduction
Knowledge of multicomponent (vapour + liquid) equilibrium (VLE) data is important in the design of equipment for separation processes. In addition, this experimental information may be used to test and develop new models for correlation and prediction of thermodynamic properties in multicomponent mixtures. In the last few years, a considerable effort has been developed in the field of phase equilibria and thermodynamic mixing properties. However, the experimental data collections of phase equilibria for ternary or higher order complexity mixtures are still scarce, mainly due to the high time consuming experimental procedure to obtain a complete description of each mixture of industrial interest.
Separation of the (benzene + cyclohexane) mixture is one of the most challenging processes in chemical engineering, with conventional distillation operations being not practical due to the similar volatilities of the two components at any composition of the mixture and to azeotropic characteristics. In any case, the synthesis, design and optimisation of distillation processes require a reliable knowledge of the phase equilibrium behaviour at the operation conditions.
The principal use of benzene is as chemical raw material in the synthesis of compounds, being also used in the production of drugs, dyes, insecticides, and plastics. Cyclohexane is used in the production of paints and varnishes, as a solvent in the plastic industry and for the extraction of essential oils. The importance of cyclohexane lies mainly in its conversion to cyclohexanone, a feedstock for nylon precursors [1] . Cyclohexane is produced by catalytic hydrogenation of benzene, with the unreacted benzene being present in the product stream and needing to be recovered in order to obtain the pure cyclohexane product. The breakage of this minimum binary azeotrope is not possible by means of conventional distillation processes and modified (azeotropic or extractive) distillation is necessary. These distillation procedures, although feasible and in use in many industries, are accompanied by high capital costs if separation solvent and operating conditions are not properly chosen. Optimising the operating conditions is not a trivial task and contradictory rules of thumb have been found in the literature in this field. For all these reasons, the industry has always been eager to look for a viable alternative to the conventional (benzene + cyclohexane) separation. In any case, a reliable knowledge of the phase equilibrium behaviour is necessary for synthesis, design, and optimisation of any distillation system and for this mixture complete VLE data are not available in the literature.
As an extension of our earlier works concerning (vapour + liquid) or (liquid + liquid) equilibria (VLE or LLE) [2] [3] [4] [5] [6] [7] [8] , we present new phase equilibria data concerning chlorobenzene as an alternative extractive rectification solvent for the azeotropic mixture (benzene + cyclohexane) at a pressure of 101.3 kPa. No literature data have been made available for this system out of 9 experimental data points gathered in a recent paper [9] . Because experimental data are often not available, at least for process synthesis, group contribution methods may be used for the prediction of the required (vapour + liquid) equilibria. In the past several decades, the group contribution method UNIFAC [10] has become very popular and has thus been integrated in most commercial simulators. This kind of model requires complete and fully updated experimental data in order to compute group interaction parameters and reproduce the behaviour of systems at other mixing or operation conditions. The application of the UNIFAC group contribution method leads to satisfactory predictions in terms of activity coefficients and compositions for this ternary system, which is due to the molecular characteristics of the enclosed chemicals. Accordingly, fitting parameters corresponding to the boiling temperatures by the Tamir-Wisniak equation [11] and mole fraction dependence of activity coefficients by UNIQUAC equation [12] are presented. The capability of chlorobenzene as a modified distillation agent at atmospheric pressure is discussed in terms of relative volatility and residual curve maps by means of the thermodynamic topological analysis, a conceptual distillation scheme of reversed volatilities using chlorobenzene as the entrainer being proposed to separate the azeotropic mixture at the studied pressure. Final results show that operating cost requirements of the sequence of columns are directly related to the operational conditions, optimised in terms of reflux and feed flows ratio.
Experimental
All chemicals were of Merck's chromatographic grade. Purification was attempted by ultrasonic degassing and drying by molecular sieves (40 nm, 1.6 mm). The mass fraction purity of the materials was checked by gas chromatography and found to be greater than 0.999 for benzene and cyclohexane and 0.990 for chlorobenzene. The maximum water content of the pure liquids was obtained by the coulometry technique being 3.0 AE 10 À2 , 4.9 AE 10 À3 , and 3.2 AE 10
À2
mass % for benzene, cyclohexane, and chlorobenzene, respectively. Their purity was also checked by determining different physical properties, prior to the experimental work. Densities, refractive index at T = 298.15 K, and normal boiling temperatures are close to values found in the literature, as shown in table 1. The VLE measurements were carried out under an atmosphere of dry nitrogen in a modified all-glass Othmer-type ebulliometer with secondary re-circulation of both phases [8] . Thermal insulation was ensured by means of the whole apparatus having been insulated except in the part corresponding to vapour condenser. Boiling temperatures of the mixtures were measured with an Anton Paar MKT-100 digital thermometer (accuracy ±10 À3 , temperature scale ITS-90) over the entire range of working temperatures. Pressure was kept constant at (101.3 ± 9.8 AE 10
) kPa by a controller device, which introduced nitrogen to the apparatus in order to maintain the pressure difference with respect to the pressure at the laboratory. Each experiment was continued for at least 1 h after the stabilisation of the boiling temperature. Azeotropic determination was realised by means of consecutive distillation of the vapour condensate fractions, repeatedly through different experimental distillation lines [17] , based in the literature azeotropic data, which were gravimetrically prepared. Samples of both liquid and vapour phases were taken at low temperature by a built-in refrigeration device and sealed in ice-cooled graduated test tubes to prevent evaporation leakage. After stabilizing the temperature of the samples by means of a controller bath with a temperature stability of ±10 À2 K, the samples were analysed by measuring their refractive indices and densities at T = 298.15 K [15] . Densities of the pure liquid and the mixtures were measured with an Anton Paar DSA-48 densimeter (accuracy of ±10 À4 g AE cm À3 ) and refractive indices with an automatic ABBEMAT-HP Dr. Kernchen (accuracy of ±5 AE 10 À5 ) refractometer. Uncertainty for mole fractions was estimated to be ±7 AE 10 À3 in both phases. A more detailed description of the experimental procedure can be found in earlier papers.
Results and discussion

Equilibrium equation and activity coefficients
Experimental values of the density (q) and refractive index (n D ) at T = 298.15 K have been previously published for this ternary system as a function of x i [15] . In this work, these physical properties were applied in order to compute mixture composition by application of the corresponding fitting polynomials. The experimental VLE data are given in table 2 with values of the activity coefficients (c i ) that were computed by means of the following equation:
where the liquid molar volume, v L i , was calculated by the Yen and Woods equation [18] and the fugacity coefficients, / i and / S i (the superscript S means saturated conditions), were obtained using a value of the second virial coefficient computed by the Hayden and O'Connell method [19] to characterise the vapour phase deviation from ideal behaviour. The P S i is the vapour pressure that was calculated from the Antoine equation:
where A, B, and C are fitting parameters. The properties of the pure components required to calculate c i are listed in table 3. Figure 1 shows the corresponding liquid and vapour experimental compositions for the ternary mixture.
Correlation of the boiling temperature
In order to obtain general parameters of the experimental measurements, the Tamir-Wisniak equation was applied to correlate the boiling temperature [11] , which is expressed as follows:
where N is the number of components (N = 3), T 0 i is the boiling temperature of every pure component and A ij , B ij , C ij , D ij , and E i are correlation parameters, which are gathered in table 4. The root mean square deviation was computed for temperature (as defined by equation (4)
In this equation, M is the variable as temperature or vapour phase composition and ND is the number of experimental data points. Figure 2 shows the equilibrium isotherms on the liquid-phase composition diagram calculated from equation (3). The shape of the curves indicates that the system does not exhibit azeotropic behaviour out of the binary range composition of the (benzene + cyclohexane) mixture (unstable node, minimum azeotrope). This is in accordance with previously published data [9, 24, 25] . The distillation curves show saddle behaviour near pure benzene and pure cyclohexane regions and a stable node trend in the chlorobenzene corner of the Gibbs composition diagram. This type of equilibrium topology without distillation boundaries or any other azeotrope leads to a simple sequence of separation columns [26] , usually with more economic distillation schemes in terms of mechanical design and control requirements of the sequence of distillation columns. Comparison of the experimental data obtained in this work with those found in the literature [25] is shown in figure 3.
Consistency of the VLE data
The thermodynamic consistency of the measured (vapour + liquid) equilibria data have been checked using the McDermott and Ellis method [27] to reject possible inconsistent equilibrium points from the data collection. According to this test, two experimental points (a) and (b) are thermodynamically consistent when:
where D is the local deviation, which is expressed as:
and D max is the maximum deviation. McDermott and Ellis proposed a value of 0.01 for D max if the uncertainty in the mole fraction of the liquid and vapour compositions lie between ±0.001. However, since the maximum local deviation is not a constant, the expression proposed by Wisniak and Tamir [28] (equation (7)) has been used to compute this quantity:
where x and y are molar fraction compositions of both phases as above, t is temperature and a and b subscripts are related to each pair of experimental points of the ternary mixture. In this equation, B i and C i are the Antoine constants and Dx, DP, and Dt are the uncertainties in the mole fraction, pressure, and temperature which have been found to be 7.0 AE 10 À3 , 0.098 kPa, and 10 À2 K, respectively, in the experimental work. Therefore according to the McDermott and Ellis test with the D max proposed by Wisniak and Tamir, the experimental data gathered in this work are considered to have thermodynamic consistency.
Correlation of the activity coefficients
Data were regressed to obtain UNIQUAC [12, 13] parameters. The vapour phase was modelled by the virial equation with coefficients calculated using the method by Hayden and O'Connell [19] . Fitted values are presented in table 4, while root mean square deviations on T and y i are shown in table 2, after the experimental data. It is observed that the UNIQUAC activity coefficient model is able to represent (vapour + liquid) equilibria behaviour for the (benzene + cyclohexane + chlorobenzene) mixture. Temperature T, liquid phase x i and vapour phase y i mole fraction, activity coefficient c i for {benzene (1) + cyclohexane (2) + chlorobenzene (3)} at 101.3 kPa, and root mean square deviation from the UNIQUAC correlation and the UNIFAC prediction shown in the two last rows.
Behaviour of the azeotrope
In this mixture, only the binary mixture (benzene + cyclohexane) forms a minimum temperature azeotrope under 101.3 kPa, as reported by different authors [9, 24, 25] . This was also confirmed in this study by a consecutive distillation of vapour condensate conducted as described in Section 2. After three independent batch distillations starting with different feed compositions, an homogeneous azeotrope was obtained introducing an unstable node character into the ternary mixture. The experimental value and literature data are compared in table 5. It was observed that deviations are less than 0.09 K for temperature values and not more than 0.0114 in molar fraction for benzene, as shown in figure 4.
Model for VLE prediction
Prediction of (vapour + liquid) equilibria for the ternary system (benzene + cyclohexane + chlorobenzene) at 101.3 kPa has been carried out by means of the UNI-FAC group contribution method [10] . The vapour phase was modelled by the virial equation using the coefficients Critical pressure P c , mean gyration radius of RD, dipole moment l, association parameter ETA, critical temperature T c , critical compressibility factor Z c , and Antoine parameters A, B, and C. a Daubert and Danner [20] . b Prausnitz et al. [21] . c Gmehling and Onken [22] . d Riddick et al. [23] .
calculated by the Hayden and O'Connell method [19] . The group interaction parameters used were taken from Wittig et al. [29] . The results are compared with the experimental values, and the root mean square deviations for the temperature r(T) and the composition of the vapour phase r(y i ) are shown in the last row of the table 2. A suitable description of the (vapour + liquid) equilibria behaviour was obtained with the UNI-FAC method owing to the simple topology of the mixture and the common molecular groups enclosed in these solvents. 
Thermodynamic topological analysis
The highly nonlinear (vapour + liquid) equilibrium behaviour of azeotropic or constant-boiling mixtures complicates the further prediction of the sequence of feasible separation columns. In modified distillation, there are two possible modes of operation: (i) the original mixture to be separated is an azeotropic mixture and (ii) an azeotropic mixture is formed deliberately into a constant-boiling mixture by adding one or more azeotropeforming chemicals to the system. In the first procedure, one has to find a way to separate the azeotropic mixture and obtain the desired product specifications and recovery. In the second case, one has also to select an azeotrope-forming component that is effective for the desired separation and can be recovered at low cost afterwards. In either case, a tool is needed to predict qualitatively the feasible separations for multicomponent azeotropic mixtures. An available tool is the thermodynamic topological analysis that provides an efficient way for the preliminary analysis of nonideal distillation problems and for synthesising qualitatively the sequences of separation columns. This theoretical tool is based on the classical works of Schreinemakers and Ostwald [30] , where the relationship between the phase equilibrium of a mixture and the trend in open evaporation residue curves for mixtures was established. Although open evaporation with no reflux itself is not of much industrial interest, it nevertheless conceptually forms an important path for understanding distillation (a continuum of steps of partial vaporisation with reflux). The reason for this renewed interest is the realisation that, in spite of the advances in phase equilibrium calculations and simulations, there is a need for simpler tools to find the limitations and possibilities in modified distillation. The residue curve map and relative volatility analysis are included in the main recent publications in chemical engineering as important tools for distillation design of azeotropic/extractive trains of columns [31] . These allow one to determine the thermodynamic possibilities and boundaries of the separation attending to the nature and behaviour of the mixture. After computing the feasible separation processes, one can synthesise alternative separation sequences that should be subjected to further analysis in order to choose the optimal one in terms of economic and/or operational factors. As a result of the analysis, it may turn out that the mixture cannot be separated by conventional distillation owing to the topology. Thermodynamic topological analysis (relative volatility and residual curve maps) provides then, a very useful tool for the screening of entrainers for modified distillation. The relative volatility diagram is a Gibbs triangular representation of the measure of differences in volatility (see equation (8)) between two components, and hence their boiling points
It indicates how easy or difficult a particular separation route will be and is a useful procedure to establish the flow sheet of the feasible sequence of separation columns (the order of recovery of the components). Thus if the relative volatility between two components is close to one, it is an indication that they have very similar vapour pressure characteristics. The analysis of the different areas of the concentration range in the volatility map based on thermodynamic characteristics and pressure conditions of the mixture is important due to the different nature of each part of the concentration profile in each column. Typically, a good entrainer is a component which 'breaks' the azeotrope easily and yields high relative volatilities between the two azeotropic constituents. Because these attributes can be easily identified in an entrainer from the equivolatility curve diagram of the ternary mixture (azeotropic component #1 + azeotropic component #2 + entrainer), one can easily compare entrainers by examining the corresponding equivolatility curve diagrams. Useful information is obtained from this diagram in terms of minimum quantity of entrainer for a feasibly separation [32] . Figure 5 presents the relative volatility map for the (benzene + cyclohexane + chlorobenzene) mixture. Two regions of different volatility types are observed in this map. In one of them, benzene is more volatile than cyclohexane and in the other cyclohexane is more volatile than benzene. These regions are separated by an isoline of equivolatility that joints a point on a binary mixture with the azeotrope (benzene + cyclohexane). A residual curve map is a diagram showing all of the azeotropic information of the constituent pairs and the residual curves of the mixture. A residual curve could be determined experimentally or mathematically, by simulating the experimental procedure using an adequate thermodynamic model [26] . For the azeotropic or extractive distillation, the azeotropic temperature and composition provide the information needed for the process design. In a specific residual curve map, the azeotropic information is used to draw the distillation boundaries dividing the map into several distillation regions that any distillation operation cannot cross at usual conditions. For the system under study, the residual curve map was calculated using UNIFAC method for modelling the liquid phase and the virial equation for representing the vapour phase ( figure  6 ). Following the procedure of constructing a residual curve map, one stable node, N1, representing chlorobenzene, two saddle points, S1 and S2, representing benzene and cyclohexane, and one unstable node, N2, representing the binary azeotrope, were found in the Gibbs phase diagram. The azeotropic data of the unstable node were confirmed from the present experimental work and literature. No distillation boundaries are drawn and only a unique feasible distillation region was obtained. The process design of this separation scheme of the (benzene + cyclohexane) with chlorobenzene as the entrainer could be developed completely in the residual curve map. The process scheme developed from the thermodynamic topologi-cal analysis is shown in figure 7a . The capability of the solvent (chlorobenzene) to extract selectively benzene is high. This fact is due to polar interactions between the ring Pelectrons of aromatic molecules of similar molecular volume. In accordance with the relative volatilities obtained from in these calculations, a reverse sequence in extractive rectification is necessary, i.e., the first column operating with cyclohexane as head product and the second column having benzene as head product in the sequence. Furthermore, the position of the isoline a BC = 1 with respect to the (cyclohexane + chlorobenzene) mixture makes it necessary that a relatively high concentration of the solvent in the extraction column be used in order to obtain high purity separations [32] . Despite high requirements of solvent in the extractive column (at least 0.482 in molar fraction of chlorobenzene in the azeotropic feed plate), promising results in the use of chlorobenzene as an entrainer in (benzene + cyclohexane) separation is expected based on the experimental (vapour + liquid) equilibria data obtained in this paper. A conceptual process, regardless of the economic consideration, was then analysed by simulation based on the phase equilibrium behaviour and the relative volatility/residual curve maps of the ternary mixture. To the best of our knowledge for chlorobenzene, such a study has not been reported in the literature.
Process simulation
In this work, HYSYS (HYPROTECH) is used to simulate the distillation process in steady state. The standard HYPROTECH database applied to the thermophysical data was used for determining the required property data FIGURE 7 . (a) Reversed sequence of extractive columns and (b) plot of F E /F AZ (molar relationship between the entrainer feed and the benzene + cyclohexane feed) against reflux ratio to show operativity limit curve for the extractive column for (benzene + cyclohexane + chlorobenzene) at 101.3 kPa by the UNIFAC method (see the double tangency on each axis). of the chemicals involved in this study. The model selected to describe the phase equilibria was UNIFAC/RedlichKwong EOS. The HYSYS design specification tool was applied to ensure that cyclohexane compositions at the top of the column were at a specified level. Heat losses, Murphree efficiencies, and other characteristics were assigned for the entire column for increased precision (see table 6 for details). In each simulation, the process was represented by two columns. The temperatures of both feeds were set to the azeotropic boiling temperature of the streams. To develop the process, model parameters such as reflux ratio, flow feed ratio, and size of the extractive section were varied until pure components were obtained in outlet streams. Firstly, simulations for simple (benzene + cyclohexane) mixture were developed. The extraction column was sized and divided into three segments, top (above entrainer feed), extraction (between feed), and stripping sections. The plant was configured to have 90 stages in the extractive column (7 + 37 + 46 stages, from top to bottom) and 11 stages in the solvent recovery column. The Murphree efficiencies (deviation of ideal separation capability of a theoretical stage into a distillation column) of the distillation stages were assumed to be equal to one in the whole column. Initially, flow products were configured at the top and at the bottom of each column. Using these settings, the reflux rate and the feed ratio were examined for the impact on the cyclohexane concentration in the first column top product stream. The design specifications were set as to achieve a concentration of 98% of cyclohexane at the top of the extractive column and a concentration of 98% of benzene at the top of the recovery column. The simulation considering only the (benzene + cyclohexane) feed revealed that the cyclohexane concentration in the top product could not be achieved. Only the composition of the azeotrope was obtained. This simplified model was then altered to take into account the influence of the entrainer and the complete sequence of solvent recovery. Starting with a greater content of chlorobenzene, the desired product concentration could easily be obtained with an adequate adjustment of the distribution of stages between the two volatility zones. A scheme of the sequence of the columns is shown in figure  7a . After including the second column, which was fed with the bottom stream from the first one, the initial design of the complete sequence was obtained. The basic specifications of the simulated columns are presented in table 6. In the simulation, feed flow and reflux ratios were varied in order to obtain the range of operating conditions that provide the desired outlet streams specifications. These results are shown in figure 7b . The optimum range of operating conditions was computed from the limiting cases and is also indicated in figure 7b.
Conclusions
In this study, the (vapour + liquid) equilibria behaviour of the (benzene + cyclohexane + chlorobenzene) ternary mixture was experimentally investigated with the aim of testing the feasibility of using chlorobenzene as an entrainer to the azeotropic distillation. The experimental results show that this ternary mixture is completely miscible and it exhibits an unique binary homogeneous azeotrope as an unstable node under the conditions studied. The ternary (vapour + liquid) equilibrium has been modelled using a correlation model (UNIQUAC) and a predictive method (UNIFAC). The capability of chlorobenzene as modified distillation agent at atmospheric pressure is discussed in terms of relative volatility and residual curve maps (thermodynamic topological analysis). A conceptual distillation scheme based on the reversed volatility observed when chlorobenzene is used as entrainer is proposed to separate the azeotropic mixture. Based on the results, the following conclusions can be drawn: (i) the UNIQUAC model represents an adequate procedure for fitting (vapour + liquid) equilibrium data for this ternary mixture; (ii) the group contribution method UNIFAC can be used for modelling the system when experimental data are not available as for example, at other low pressures, for multicomponent predictions with analogous chemicals; (iii) the study performed here represents a new experimental contribution and an alternative procedure for feasible separation of the azeotropic mixture (benzene + cyclohexane) by modified distillation.
